abstract: Various morphological and cytological traits of oocytes and their surrounding cumulus cells may be used to select oocytes for assisted reproduction. However, even with careful selection, successful IVF and subsequent embryo development remain uncertain. The factors that ensure oocyte competence are unclear and other approaches to assessing developmental potential must be explored. With the constant development of the molecular toolbox, genomic/transcriptomic analysis is becoming a more and more interesting approach to understand oocyte quality on the basis of RNA composition. Using bovine and mouse models as well as human oocytes of known developmental potential, various efforts are underway to characterize the mRNA profile of the competent oocyte using microarray technology. The proliferation of gene expression data sets raises new opportunities to identify the mechanisms involved in this complex phenotype, which should lead to improved techniques of assisted reproduction. Although several molecular markers of oocyte quality are known, translating these into cellular functions remains challenging, largely due to the poor correlation between mRNA level and protein synthesis. Unlike most somatic cells, the oocyte can store mRNA for days, with transcriptional activity remaining at a halt during the 4-5 days beginning before ovulation and ending with embryonic genome activation. This review provides an overview of the transcriptomic data obtained from oocytes of different quality as well as interesting avenues to explore in order to improve our understanding of oocyte competence.
Introduction
Ovulation or the release of an oocyte (one or a few, depending on the species) is the result of a long and well-orchestrated building process designed to culminate in fertilization, followed by the development of an embryo and eventually the birth of healthy offspring. Even though the underlying mechanism of developmental competence has not yet been identified, a crucial part of this process is certainly the latter phase of oocyte growth, in which developmental potential is gained. This is known to be the case in mice (Sorensen and Wassarman, 1976) , humans (Gougeon, 1986 ) and a recent review in cattle suggested the same thing . While the building process is now better understood, we are still far from a clear blueprint of what composes a competent oocyte. In humans, at best the chance to conceive a clinically recognized pregnancy during one cycle is around 30% (Macklon et al., 2002) , which approximately reflect the blastocyst rate that had been reported in a few studies (Van Landuyt et al., 2005; Walls et al., 2012) . However, even under optimized conditions of assisted reproduction techniques using IVF, the success in terms of pregnancy or implantation rates is not significantly higher, even considering the fact that more than one embryo is generally transferred (de Mouzon et al., 2012) . Nonetheless, these data did not take into account the pregnancy loss that could have occurred. This could explain the low live birth rate per mature oocyte retrieved for assisted reproduction techniques, which is 4.5% (Stoop et al., 2012) . This result is not surprising if we consider that almost half of the oocytes tested are aneuploid according to array comparative genomic hybridization (array CGH) (Gabriel et al., 2011; Handyside et al., 2012) , or following preimplantation screening (Kuliev et al., 2011) . In humans, only one out of five fully grown, ovulated and in vivo fertilized oocytes will give rise to a viable embryo (Macklon et al., 2002) . The success rate obtained using IVF techniques is not much better, based on the total number of mature oocytes obtained for the procedure (de Mouzon et al., 2012) . This limited oocyte competence is particularly apparent in other monoovulatory species such as cattle. Only 30% of oocytes obtained from slaughterhouse ovaries are able to reach the blastocyst stage in conventional IVM-IVF (Trounson et al., 1994) and an even lower proportion will result in pregnancy following embryo transfer (Hasler, 1998) . These observations indicate the need for a more practical definition of oocyte quality.
Among the many factors that could be used to evaluate oocyte quality, an important criterion is the rate of full-term development (i.e. live birth) of healthy offspring. However, for technical, practical and ethical reasons, not all embryos produced in the research context are singly transferred to a recipient, making it difficult to associate a given condition with an outcome. Depending on the goal of the study, several measures may be used to define the developmental potential of the oocyte. A widely used criterion in routine laboratory experiments with animals is the rate of blastocyst formation. However, this criterion should be interpreted with caution since it often refers more to the ability of the in vitro culture system to support development than to intrinsic oocyte quality (Duranthon and Renard, 2001) . Quality expressed in terms of the developmental stage that the oocyte may be expected to reach (meiosis resumption, fertilization, blastocyst, pregnancy, etc.) is well recognized and has been described in detail in a review by Sirard et al. (2006) .
Many criteria used to assess the quality of oocytes from large mammals are morphological. Several of these, such as oocyte cytoplasm or polar body shape, zona pellucida thickness and meiotic spindle position, have been used to select the best mature oocytes for human IVF (Coticchio et al., 2004; Wang and Sun, 2007) . However, a more recent review reached the conclusion that no combination of these criteria have improved the prediction of IVF outcome (Rienzi et al., 2011) . The major determinant of the quality of an oocyte seems to be the follicle from which it comes, and several papers have examined the direct interaction between follicular size or differentiation level and developmental outcome (reviewed by Blondin et al., 2012) .
In order to avoid destroying human oocytes, other non-invasive approaches to the indirect evaluation of quality have been explored. Much effort has been devoted to developing molecular methods of selecting the most competent oocyte (reviewed by Patrizio et al., 2007) ). Fluorescence in situ hybridization and CGH have been used on the polar body in attempt to select the ideal oocyte Fragouli et al., 2011a) . More recently, microarray-based CGH has been proposed as a faster alternative for detecting chromosomal anomalies in early embryos (Gutierrez-Mateo et al., 2011) and to predict oocyte ploidy status by analyzing the polar body (Geraedts et al., 2011) . Comprehensive chromosome screening using single nucleotide polymorphism (SNP) microarray (Treff et al., 2010) or array CGH (Gabriel et al., 2011; Handyside et al., 2012) could also be used to successfully select euploid embryos before transfer (Scott et al., 2012; Capalbo et al., 2013) . However, the transfer of a euploid embryo is not a guarantee of success, although it improves the chances to predict a pregnancy (Scott et al., 2013) .
Gene expression analysis is emerging as a promising tool for improving the understanding of what determines the quality of the oocyte (Patrizio et al., 2007) . Although this approach is destructive and therefore not directly applicable to humans, it is an interesting option for studying the variability of oocyte quality in animal models. The focus of this review is transcriptomic analysis of oocytes of different quality based on follicular status or on conditions known to lead to higher blastocyst yields.
Markers of oocyte quality
The concept of biomarkers of quality is not applicable to specific oocytes, since the analysis requires extraction of mRNA and hence destruction of the cell. This explains why so much effort has been devoted to identifying proxies among follicular cells such as granulosa cells, reviewed by Li et al. (2008) and Uyar et al. (2013) and studied by others (Hamel et al., 2008; Hamel et al., 2010a, b) , and cumulus cells, reviewed by Assou et al.
(2010) and studied by others (Assidi et al., 2011; Feuerstein et al., 2012; Fragouli et al., 2012; Iager et al., 2013) . Although potentially useful in the clinical context, the information gained from surrounding follicular cells does not yet explain the molecular or structural characteristics of a competent oocyte.
It is now possible to use a microarray to analyze gene expression in a polar body separated from a mature oocyte. Such analyses have revealed a relatively high level of similarity between transcriptome of the polar body and the corresponding metaphase II oocyte in humans (Reich et al., 2011) . This technological advance may provide the missing knowledge that will make it possible to select oocytes based on markers. Possible markers of the competence of mouse oocytes are being studied using this approach (Jiao et al., 2012) . However, without reliable knowledge of the transcriptome of competent oocytes, analysis of polar body gene expression will not by itself lead to the identification of relevant markers.
Animal models for studying oocyte competence
Ovaries obtained from livestock processing have been used extensively to study the oocyte transcriptome. The main limitation associated with this source is the heterogeneity of the oocytes due to lack of control over the stage of the estrous cycle, gestational status or animal age (Vassena et al., 2003) . Furthermore, follicles of all sizes are present in an ovary, and in theory half of these are undergoing atresia (Lussier et al., 1987) . As a result, only one of three oocytes has the capability of developing into an embryo after IVM-IVF, even with the most careful morphological selection.
Different co-variables may be used to classify the potential competence of bovine oocytes: the size of the follicle from which the oocyte is collected (Blondin and Sirard, 1995) , follicular wave (growth/dominance) dynamics (Vassena et al., 2003) , stimulatory context such as hormonal pretreatment (Blondin et al., 2002; Nivet et al., 2012) , timing of polar body extrusion (van der Westerlaken et al., 1994) or time between fertilization and first cleavage (Lonergan et al., 1999) or the kinetics of the first cell cycles (Grisart et al., 1994; Holm et al., 1998) . In humans, much more efforts and resources have been spent on morpho-kinetics as a selection method of the best embryo but still, half of the selected embryos based on the best parameters are still aneuploid (Scott et al., 2012) and time-lapse monitoring does not seem to have reached yet the precision level of preimplantation genetic screening to detect embryonic aneuploidy (Swain, 2013) . Using these approaches, a population of oocytes with contrasting developmental competence may be obtained, which offer the possibility of correlating RNA content with probability of competence. This is of particular interest considering the importance of oocyte mRNA composition in regard of the embryonic genome activation (Sirard, 2010) .
Strategies for matching mRNA profiles with oocyte competence
With the means now available to identify oocytes from different species with a given developmental capability, it should be possible to correlate this capability with differences in the transcriptome at each distinct stage of follicular growth and progressing towards ovulation ( 
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The follicular phase of oocyte development
Using a genome-wide approach (Affymetrix murine genome array), Pan et al. (2005) performed paired comparisons of the transcriptome of mouse oocytes collected from follicles at the primordial and primary, primary and secondary, secondary and small antral, and small antral and large antral stages. The latter two comparisons are of particular interest in the present review, since oocytes at these stages are able to resume meiosis (Sorensen and Wassarman, 1976 ) and support early development (Eppig et al., 1994) . The number of genes differentially expressed when comparing the least to the most advanced stage of follicular development was relatively small. This should be expected, in view of the gradual decrease in transcriptional activity that is known to occur towards the end of oocyte growth (De La Fuente and Eppig, 2001 ). However, RNA synthesis is still detectable between the period following oocyte growth arrest and GVBD (Rodman and Bachvarova, 1976 ) and transcription will cease only at the time of germinal vesicle breakdown (Wassarman and Letourneau, 1976) while polyadenylated RNA synthesis is still detected in fully grown mouse oocyte (Brower et al., 1981) . Among the genes presenting significant differences in oocyte from different stages of follicle development, 60 -65% decreased in abundance as the follicle grew. The proportion that was present at increased levels was nevertheless considerable, given the overall repression of transcriptional activity. Among them, there was an over-representation of genes involved in DNA repair and the response to DNA damage in the oocyte (Pan et al., 2005) , which was also noted in a previous comparison of mouse fully grown oocytes and 1-cell embryos (Zeng et al., 2004) . This shift in gene expression might play an important role in ensuring the genomic integrity of the female germ cell line. Similar analyses have been performed on human oocytes collected at the primordial, intermediate and primary stages of follicular development (Markholt et al., 2012) , and on bovine oocytes collected from the primordial to large antral stages (Bessa et al., 2013) . Using a candidate genes approach, the authors of the bovine study found very few differences between oocytes from small and large antral follicles (Bessa et al., 2013) , which are the stage where competence is acquired while authors of the human study found many differences but not directly related to competence acquisition (Markholt et al., 2012) . Based on these studies, the early stages of follicular growth do not appear to contain direct indicators of oocyte quality, at least not in terms of mRNA abundance.
Follicle size
The size of the follicle from which the oocyte originates was identified relatively early as a factor contributing to the likelihood of yielding an embryo after in vitro maturation and fertilization. Oocytes from larger follicles are more likely than those from small follicles to reach the blastocyst stage. Blondin and Sirard (1995) observed that oocytes collected from small follicles (,3 mm) rarely develop beyond the 16-cell stage, an observation corroborated by numerous researchers (Pavlok et al., 1992; Lonergan et al., 1994; Hagemann et al., 1999; Machatkova et al., 2004; Lequarre et al., 2005) . Relationships between follicle size and oocyte mRNA content should therefore be deciphered and correlated with variations in developmental competence.
One of the first studies using follicle size as a model of oocyte competence was that of Robert et al. (2000) . These authors were the first to use suppressive subtractive hybridization (SSH) to compare the entire mRNA contents of immature oocytes. Examining small-(,2 mm) and medium-sized (3 -5 mm) follicles collected from cattle, they found a relatively low number of transcripts differentially represented, although the methods described have since proven their value for studying minute quantities of cells such as oocytes samples. Donnison and Pfeffer (2004) conducted a similar study with immature oocytes using follicles divided into two size groups (,2 and .5 mm) but used linear amplification of the starting material to obtain sufficient amounts of RNA before performing SSH. They were thus able to identify .20 genes, of which 90% were found more abundant in competent oocytes (from follicles .5 mm) even though the majority of the differences observed were less than 3-fold. The authors concluded that developmental competence could depend on small quantitative changes in the mRNA levels associated with a wide range of genes (Donnison and Pfeffer, 2004) .
Among the few other studies of the relationship between follicle size and the expression of specific genes potentially involved in oocyte competence are those of Racedo et al. (2008) , who tested two groups (,2 and 2 -8 mm) of follicles in cattle, and Caixeta et al. (2009) and Mourot et al. (2006) , who both tested four size categories (,3; 3-5; 5-8 and .8 mm), also in cattle. While Mourot et al. (2006) have first used SSH to build a library of genes functionally important for oocyte competence to then identified gradual accumulation of specific mRNAs with increasing follicle size category, Caixeta et al. (2009) which suggested to the authors that the purpose of accumulating their mRNA in oocytes at the germinal vesicle stage during follicular growth could be to ensure the presence of enough cyclin messengers to drive the four subsequent cell divisions until transcription resumes. Although simplistic, this hypothesis would explain the phenotype observed. Taking advantage of the recent development of microarray technology, which specifically included all the isoforms identified in cattle oocyte and embryos by RNAseq in addition to all the bovine reference genes , a complete transcriptomic analysis of the follicle size categories was performed in our laboratory. Multiple comparisons were made between GV stage oocytes collected from follicles in the size ranges of ,3, 3 -5, 5-8 and .8 mm in ovaries obtained from livestock processing (Labrecque and Sirard, unpublished) . Differences between the ,3 and 3-5 mm categories were minimal, while those between ,3 and the 5 -8 mm category were more apparent. Furthermore, there appeared to be a linear progression in the expression of many genes among these first three categories, from which the .8 mm category diverged. This might be due to the proportion of oocytes undergoing atresia, mixed with those still acquiring competence in this follicle size category, or perhaps due to the acquisition of dominant status by the follicle once it reaches 8.5 mm in diameter (Ginther et al., 1997) . A major proportion of the genes differentially represented as a function of follicular growth could be clustered using statistical methods, one cluster showing a relatively constant depletion of mRNA and the other showing a relatively constant accumulation of mRNA. This is both surprising and interesting since it is known that transcriptional activity in oocytes gradually ceases towards the end of their growth. In fact, the complete arrest of the transcription will take place only at the meiosis resumption and transcription inhibition in the presence of alpha-amanitin effectively blocks meiosis resumption as demonstrated in the bovine by Hunter and Moor (1987) and by Kastrop et al. (1991) . This low level of transcription could explain the increase observed for several mRNA during oocyte maturation (between GV and MII stage), regardless of RNA isolation procedure used (Mamo et al., 2011) . Nevertheless, the cluster presenting mRNA accumulation is composed of genes involved in chromatin assembly, chromosome organization as well as DNA packaging and might reflect cellular needs to ensure oocyte competence. Even with a complete survey of the oocyte transcriptome during follicular growth, the biological interpretation of all the differences observed remains a challenge. However, such characterization of the oocyte transcriptome during follicular growth, in association with recognized potential, opens the door to comparison with other oocyte transcriptome data sets, and hence better interpretation of the differences in mRNA expression level and potentially identification of the key actors involved in producing the complex phenotype that is developmental competence.
Follicular differentiation
It was demonstrated that oocytes collected during the growth phase of follicular development are of better quality than those collected during the dominance phase, due to negative effects exerted by the dominant follicle on the subordinate follicle (Hagemann, 1999) . The transcriptomes of immature oocytes recovered from small follicles during the growth phase (day 3 post estrus) and the dominance phase (Day 7 postestrus) were compared using a bovine cDNA custom microarray (Ghanem et al. (2007) . Of the .2000 clones included on the slide (Blue Chip) specifically enriched in bovine oocyte and early embryo mRNAs , 51 genes were represented with differentials ranging between 1.5 and 5.3. In spite of the limited genomic coverage provided by the microarray platform used, and the fact that 30% of the differentially regulated genes were of unknown function, the results nevertheless demonstrated that subtle differences could be detected in the transcriptional activities of oocytes close to ovulation.
It was also demonstrated that the persistence of the dominant follicle is associated with reduced oocyte quality, based on the proportion of embryos that fail to develop beyond the 16-cell stage (Ahmad et al., 1995) . It was later observed in a study using GV stage oocytes focused on 10 genes believed to be important for early embryogenesis that the presence of a persistent dominant follicle affected the abundance of specific transcripts involved in the regulation of transcription and translation (Lingenfelter et al., 2007) . This reflects the reduced potential of the oocyte to retain its quality in terms of mRNA abundance if ovulation does not occur at the right time. However, the problem persists regarding the biological interpretation of transcript differentials for a few selected genes versus querying the entire transcriptome. Bearing in mind that accumulating mRNA for later use is a characteristic peculiar to oocytes, one must ask whether a drop in the level of a specific mRNA in an oocyte from a persistent follicle is the result of degradation or of engagement in translation. It remains difficult to associate a change in the mRNA level with a specific and complex phenotype without measuring protein levels.
Ovarian stimulation
Normal ovarian physiology has proven robust enough to tolerate a certain degree of modulation for the purpose of stimulating the development of many follicles instead of only one per estrus cycle. In the bovine, improvement of these protocols, combined with a coasting period (i.e. FSH withdrawal after stimulation), has resulted in a significant increase in the quality of the oocytes collected, approaching a proportion of 100% capable of yielding blastocysts (Blondin et al., 2002) . Recent optimization of such a protocol has made it possible to pinpoint the perfect time to harvest the immature oocyte in order to maximize the blastocyst rate . A recent large-scale study has demonstrated the efficiency of coasting following FSH stimulation combined with hCG to retrieve competent oocyte in in vitro maturation procedure. It resulted in a higher number of clinical pregnancy compared with no stimulation (Fadini et al., 2009) , which was also confirmed in a latter study (Dal Canto et al., 2012) . A recent review (Fadini et al., 2013) on human in vitro maturation had underlined the fact that further attention should be given to ovarian priming followed by a coasting period (FSH deprivation) in regard of the success rate obtained in the bovine . However, investigations on different coasting durations in human ART have not been performed since the last 10 years (Suikkari et al., 2000; Mikkelsen et al., 2003) . The collection of such high-quality oocytes offers a new perspective on the study of associations between mRNA and high developmental competence.
Studies of mice also have shown that ovarian stimulation without ovulation induction may enhance oocyte quality. Gonadotrophin-stimulated oocytes collected from large antral follicles were not only more likely to yield blastocysts, but also to develop to term following embryo transfer (Pan et al., 2005) . Using a microarray, 117 genes were found differentially regulated between GV stage oocyte from eCG-primed and unprimed animals. Genes involved in oocyte activation or in cell cycle regulation
The transcriptome of oocytes were identified among those for which subtle increases in the mRNA level were noted. However, almost 80% of the differences detected have shown a decreased mRNA level, many of these associated with genes involved in the basal transcription machinery. The authors suggest that transcriptional machinery components could be an important factor in the reduction of transcriptional activity and that decreased levels of the associated mRNA could be an important aspect of competence acquisition (Pan et al., 2005) .
Differences in mRNA levels in GV stage oocytes obtained from natural and stimulated estrus cycles have been studied in cattle (Chu et al., 2012) using a custom microarray composed of 1153 transcripts identified in a previous SSH study where in vivo bovine oocyte and embryo were used (Vallee et al., 2009) . Even without the complete coverage offered on more up-to-date microarray platforms, this study showed a considerable number of differences between the two cycles, with genes related to cell cycle regulation as well as transcription-modulating functions appearing significantly affected (Chu et al., 2012) .
We have recently studied the effects of different coasting conditions on the bovine oocyte transcriptome (Labrecque et al., 2013) . The GV stage oocytes were obtained from our previous study in which increased blastocyst formation was observed followed by a decrease if the coasting duration was extended . The microarray revealed that among the genes differentially regulated between the conditions that increased or decreased oocyte competence, more were represented at decreased levels. These results are consistent with those of the mouse study (Pan et al., 2005) . With reduced transcriptional activity at the end of oocyte growth, it appears that post-transcriptional modification of RNA plays an important role in the development of oocyte competence (reviewed by Clarke, 2012) . Another important finding is the over-representation of genes related to DNA replication, recombination and repair among those that are significantly modulated during coasting. This finding also confirms those of mouse studies (Zeng et al., 2004; Pan et al., 2005) , in which it was concluded that accumulation of these transcripts could protect genome integrity and also help ensure successful DNA replication following fertilization. A mechanism was also proposed to explain the reduced developmental competence of the oocyte following an extended period of coasting, namely RNA degradation (Labrecque et al., 2013) . The quality gained by the oocyte is apparently not very durable, since prolonging the coasting period by only 24 h decreases blastocyst yield . Oocyte quality might therefore decrease due to RNA degradation if ovulation does not occur at the right time (Fig. 1) . This hypothesis has already been proposed (Sirard, 2011a; and our microarray results point in this direction. One of the targets of this RNA degradation mechanism could be spindle function, which would result in an increased proportion of aneuploid oocytes or early embryos. Nevertheless, further investigations will be required to confirm this hypothesis.
Chromatin configuration
Germinal vesicle oocytes can possess different and discrete patterns of chromatin condensation, which may be observed following Hoechst staining (Mattson and Albertini, 1990) . The absence of the peri-nucleolar rim is called the non-surrounded nucleolus (NSN) pattern, while its presence is called the surrounded nucleolus (SN) pattern (Debey et al., 1993; Zuccotti et al., 1995) . These chromatin configurations have been correlated with developmental competence in many species while the chromatin condensation is associated with a repressed transcriptional state (reviewed by Tan et al., 2009) . Zuccotti et al. (2008) compared the transcriptomes of NSN and SN mouse oocytes at the metaphase II stage. Among the mRNA transcripts that were differentially regulated, 303 were more abundant in NSN oocytes, while 77 were less abundant in this group. The main functions involved were related to transcription regulation, protein biosynthesis A gradual decrease in transcriptional activity is known to occur towards the end of oocyte growth (A). Messenger RNAs potentially important to embryo development could also be accumulated close to the ovulation (B). A mechanism was proposed to explain the reduced developmental competence of the oocyte if ovulation does not occur at the right time, namely RNA degradation (C) (see text for more details). and cellular function. Analysis of the up-regulated group showed that pathways such as oxidative phosphorylation and mitochondrial dysfunction were significantly affected. The transcripts identified by these researchers could represent an interesting list of candidate genes associated with oocyte competence, since it is known that NSN oocytes do not yield embryos beyond the 2-cell stage (Zuccotti et al., 1998) .
A more recent comparison of mouse NSN and SN oocytes at the germinal vesicle stage led to the identification of 478 transcripts presenting significant differences, of which 459 were more abundant in the SN group and 19 more abundant in the NSN group (Monti et al., 2013) . Messenger RNA encoding ribosomal proteins was identified as more abundant in the SN group. However, these results are surprising in view of the results obtained at the metaphase II stage (Zuccotti et al., 2008) as well as the reduced transcriptional activity normally found in SN oocytes. The list of up-regulated genes could nevertheless represent important mRNA molecules that need to be accumulated in order to ensure high developmental competence.
The same comparison was also made using RNAseq to survey the entire transcriptome of mouse GV stage oocyte . The number of up-regulated genes thus identified in the SN group was 627 and the number of down-regulated genes was 332. A higher proportion of up-regulated genes were still found in the SN group, even though the technique used was fundamentally different from that used by Monti et al. (2013) . Among these genes, many were associated with translation, cell division and oxidative phosphorylation, while the list of down-regulated genes indicated that transcription was the main function affected. This latter finding is consistent with previous reports of reduced levels of mRNA associated with transcriptional machinery at the end of oocyte growth (Pan et al., 2005) .
It should be kept in mind that intermediate states of chromatin condensation (partly-SN and partly-NSN) are possible (Bouniol-Baly et al., 1999) and could be mixed during oocyte collection. NSN oocytes are generally found in primordial to pre-antral follicles, although they are also found in antral follicles in decreasing proportions as the follicle grows (Luciano and Lodde, 2013) . In order to obtain pure groups for comparison purposes, a strict characterization of chromatin remodeling states is needed. Cattle oocytes are particular in presenting four distinct and progressive states (GV0, GV1, GV2 and GV3) of chromatin condensation at the germinal vesicle stage (Lodde et al., 2007) rather than two as generally found in mice. Microarray comparisons of bovine GV stage oocytes displaying these four chromatin configurations were performed and analyses are underway (Labrecque et al., unpublished) . The results of these analyses will provide more detailed understanding of transcriptome dynamics during chromatin remodeling. Comparison with our follicle size data set will allow us to distinguish mRNA differences associated with chromatin condensation from those associated with follicle growth. Furthermore, global integration with our coasting duration data set (Labrecque et al., 2013) could also decipher the differences associated with the increased competence in natural and stimulated cycles. With a clearer picture of the context in which the changes in the mRNA level are occurring, the identification of important transcripts will be more meaningful (Fig. 2) . Figure 2 Schematic representation of the distribution of our multiple microarray data sets in bovine oocyte. Based on the between-group analysis (BGA) graph that could be obtained during microarray analysis, it shows the transcriptome data distribution and variance (by the size of the ovals) across all the groups analyzed. The position of each group is also correlated with the relative competence (Y axis), while the X axis refers to the global follicle size. The color scale used refers to the oocyte 'ripeness' where the middle state (5) could represent the optimal competence and the darker color (10) would be related to the loss of quality of the oocyte not ovulated at the right time. The coasting part is based on the results from Labrecque et al. (2013) , while the follicle size and chromatin configuration refer to the preliminary analysis of our unpublished results.
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In vivo/in vitro
It is generally accepted that oocytes matured in vivo are of better quality than those matured in vitro. Even with the constant improvement, culture media still do not provide results comparable to those obtained in the maternal environment, especially not in the case of large animals. Immature human oocytes can be matured and fertilized in vitro, but the percentage of successful implantation is generally low (Loutradis et al., 2006) . Cattle oocytes have performed slightly better (Rizos et al., 2002) and fairly well when an ovarian pretreatment has been used . The different phenotypes of oocytes matured in vivo or in vitro offer the opportunity to compare their mRNA contents. In the case of cattle, researchers have used a candidate gene approach (Lonergan et al., 2003) or a microarray approach (Katz-Jaffe et al., 2009), while two studies of human oocytes using microarrays have been published (Jones et al., 2008; Wells and Patrizio, 2008) . Although these studies have provided further insight into alterations that occur during maturation, suboptimal quality material (oocyte that failed to fertilize in most cases) and uncontrolled variables make it difficult to interpret the data. Neither the hormonal stimulation protocols used to obtain the in vivo matured oocytes nor the culture media used for in vitro maturation have been standardized, making it difficult to pinpoint the factor or factors responsible for the differences in mRNA observed.
Maternal age
Maternal age was recognized quite early as an important factor affecting the performance of artificial reproductive technologies. It is generally accepted that fertility declines in women past the age of 35 (Klein and Sauer, 2001 ). This reduced fertility appears due to decreased oocyte quality and not related to diminishing endometrium function. Oocytes fertilized in vitro and then transferred to older recipients are more likely to implant successfully when the donor is younger than 35 (Navot et al., 1991) . This could be due to aneuploidy, since the incidence of this defect is low (2-3%) in oocytes from young women, and increases significantly towards the end of reproductive life (Hassold and Hunt, 2001 ). This subject has been reviewed recently by Fragouli et al. (2011b) .
Studies of oocyte quality and mRNA composition as a function of maternal aging are numerous. One of the first human studies compared oocytes (unsuitable for assisted fertilization procedures) obtained from two groups of women, aged less than or more than 36. Examining the abundance of transcripts for only two genes related to spindle function at the germinal vesicle stage and metaphases I and II, these researchers observed a significant negative correlation between mRNA abundance and age, suggesting that mRNA degradation accelerates as women age (Steuerwald et al., 2001) . Not long after this study, another group (Hamatani et al., 2004) took advantage of the development of a mouse microarray platform developed for analyzing scarce samples such as oocytes and early embryos (Carter et al., 2003) in order to look closely at the differences in mRNA abundance in metaphase II oocytes from mice aged 5-6 and 42 -45 weeks. The microarray revealed relatively few differences between oocytes from young and old mice, the majority of transcripts presenting ,2-fold differences, with a higher proportion of up-regulated mRNA in the oocytes of young animals. In addition to general functions relating to mitochondrial activity and oxidative stress management, the abundance of genes involved in chromatin structure, DNA methylation, genome stability and RNA helicase activity were also depressed in oocytes from older animals. In a similar study of mice aged 6-12 and 60 -70 weeks, a major increase (6-fold) in the incidence of hyperploidy after chromosome spreading was noted in oocytes collected from the older animals (Pan et al., 2008) . The microarray revealed relatively few differences (5% of all the transcripts assayed) among oocytes collected at the germinal vesicle stage, while the proportion of genes differentially regulated rose to 33% in oocytes at the metaphase II stage. Comparing their results with a previous analysis of selective transcript degradation during oocyte maturation (Su et al., 2007 ), they noted a high level of similarity of degradation in the case of oocytes from young mice, while only one-third of the detected transcripts in common were degraded in the case of older mice. A possible deregulation in the transcript degradation process was proposed, which could affect the competence of oocytes obtained from older mice. Numerous transcripts related to spindle assembly checkpoint, chromosome congression and kinetochore -microtubule attachment showed deregulation in relation to maternal age (Pan et al., 2008) . These authors pushed further their analysis by successfully demonstrating the importance of a specific transcript significantly modulated in oocyte from aged mouse and involved in spindle formation through siRNA experiment. Similar validation experiments have also been carried in bovine (Paradis et al., 2005; Tesfaye et al., 2010) .
Transcriptional differences were queried between bovine oocytes from pre-pubertal (24 weeks old) and adult animals (Patel et al., 2007; Dorji et al., 2012) . It was already known that oocytes from young animals are of lower quality, less likely to yield embryos (Armstrong, 2001) . Patel et al. (2007) used a bovine-specific cDNA microarray (Suchyta et al., 2003) , while Dorji et al. (2012) used the Affymetrix Bovine genome array to compare oocytes collected either at the germinal vesicle stage or germinal vesicle and metaphase II stage, respectively. Although they detected many differences in mRNA levels, for example genes involved in hormone secretion (more abundant in oocytes from adult animals) (Patel et al., 2007) , the very low developmental potential of pre-pubertal oocytes was reminiscent of that of oocytes obtained at the very early stages of follicular genesis as described above.
Using a genome-wide strategy, Steuerwald et al. (2007) compared oocytes at the metaphase II stage discarded following IVF procedures from women aged ,32 with those from women aged .40. They thus identified 181 genes presenting a differential greater than 2, and noted patterns similar to those previously observed in a study of mice (Hamatani et al., 2004) . Genes related to chromosome stability, cell cycle regulation, oxidative damage, stress response, protein trafficking and transcriptional regulation all appeared to be affected by maternal age.
In a more recent human study (Grondahl et al., 2010) , mature oocytes donated by women younger than 36 were compared with those from women aged 37 to 39 using an Affymetrix transcriptome analysis platform. The particularity of this study was that 15 individual oocytes at the metaphase II stage were obtained from both groups of women, representing a significant improvement over previous human studies, in which discarded material unsuitable for IVF was generally used. The researchers found 342 genes of interest, of which 125 were represented at higher levels in oocytes from older women and 217 were represented at higher levels in oocytes from younger women. Contrary to the findings of Hamatani et al. (2004) , mitochondrial function and stress responses did not appear to be among the genes significantly affected. However, DNA repair and response to DNA damage were still represented as significantly affected functions in this data set, along with deregulation of genes involved in spindle formation, thus confirming findings of mouse studies.
Confocal microscopy observations in human oocyte also provide evidences regarding the possible modulation of molecules involved in spindle organization affected by maternal age. Battaglia et al. (1996) compared human oocytes from younger and older women with no history of infertility. These authors observed a proportion close to 80% of oocytes from older women with abnormal meiotic spindle, while this proportion decrease to 17% in their younger counterpart, suggesting an alteration of the regulatory mechanism involved in meiotic spindle assembly due to advanced maternal age (Battaglia et al., 1996) . Furthermore, among the genes identified by Grondahl et al. (2010) , several are specifically involved in spindle organization and appeared significantly modulated in oocyte from aged oocyte. As stated by the authors, even if these data did not add new information on the origin of the problem, namely the fertility decrease with advanced age, it presents the effects of age on the oocyte machinery (transcriptome) and suggest a molecular explanation for the increased proportion of aneuploid oocyte in humans (Grondahl et al., 2010) .
Cows aged 13-16 years compared with their daughters aged 3-6 years also displayed signs of reduced fertility, such as increased numbers of unfertilized oocytes and un-cleaved zygotes, and reduced numbers of embryos recovered after ovulation induction treatment, even though the number of corpora lutea did not differ (Malhi et al., 2007) . RNAseq studies subsequently revealed differences between oocytes (germinal vesicle and metaphase II stages) collected from cows aged 25 -35 and .120 months (Takeo et al., 2013) . Numerous genes related to oxidative phosphorylation and mitochondrial dysfunction were found expressed at higher levels, especially in metaphase II oocytes from the older cows. This closely matches the findings of the mouse study by Hamatani et al. (2004) and the human study by Steuerwald et al. (2007) , as well as confirming the lack of differences at the germinal vesicle stage (Pan et al., 2008) . However, these authors propose an interpretation that diverges from other microarray analyses of the effect of maternal age, asserting that aging allows a large number of aberrant transcripts to accumulate in oocytes (Takeo et al., 2013) , without citing the possible deterioration of the transcript degradation process, as suggested previously in the case of mice (Pan et al., 2008) .
Microarray analysis of the transcriptome of human mature oocytes previously tested for euploidy or aneuploidy by CGH on the removed polar body revealed significant differences. Among 327 genes, 181 decreased and 146 increased in aneuploid oocytes, mainly associated with functions like spindle assembly, chromosome alignment, chromatin packaging, DNA replication and apoptosis (Fragouli et al., 2010) . Interestingly, these authors used a relatively new technique for highthroughput real-time PCR analysis called TLDA. This technique allowed the interrogation of a higher number of genes compared with standard q-RT -PCR (94 genes assessed out of the 327 statistically significant with microarray). The analysis of TLDA data showed subtle differences when the types of chromosomal abnormalities were considered separately. Aneuploid samples due to whole chromosome nondisjunction grouped together and abnormal samples due to chromatid errors were clustered in a different group, suggesting different regulatory mechanisms based on real-time PCR results. Furthermore, a significant interaction between meiotic aneuploidy and maternal age was also observed, which confirms previous findings with human (Steuerwald et al., 2007; Grondahl et al., 2010) and mouse oocytes (Hamatani et al., 2004; Pan et al., 2008) . Moreover, an important number of biological processes affected in oocyte from older women (Grondahl et al., 2010) are similarly affected in aneuploid oocytes, which suggests a close relationship between these two conditions (Fragouli et al., 2010) . As these authors noted, although the link between transcript abundance and aneuploidy is now becoming clearer, the direct impact of differences in mRNA levels on the specific pathways in which the corresponding genes are involved remains to be confirmed (Fragouli et al., 2010) .
Other methods for selecting competent oocytes
Other techniques using brilliant cresyl blue (BCB) staining to measure glucose-6-phosphate dehydrogenase activity (reviewed by Opiela and Katska-Ksiazkiewicz, 2013) or dielectric migration speed of the oocyte (Dessie et al., 2007) have been used to select competent oocytes. Some have then used these techniques in combination with gene expression analysis to identify mRNA modulations in competent cattle oocytes (Dessie et al., 2007; Torner et al., 2008) . However, these molecular/ cellular predictors are difficult to link to intrinsic oocyte quality, since they provide only minor improvement in the blastocyst yield. Another comparative approach that has been used to explore competence is mRNA profiling of mature oocytes obtained from healthy women and from women with polycystic ovary syndrome (Wood et al., 2007) . These data are even more difficult to interpret, since the mechanisms responsible for this endocrine and metabolic disorders are still unclear (Goodarzi et al., 2011) .
Few teams have also attempted to analyze either bovine metaphase II oocyte cytoplasm biopsy (Biase et al., 2012) or splitted-2-cell embryo (Held et al., 2012) with microarray in relation to the ability to reach the blastocyst stage. Even if many genes appeared significantly affected in both cases where embryo development was achieved, we are still dealing with the same problem as with polar body transcriptome analysis described previously. Even if similar cellular functions affected in incompetent oocytes were also identified in splitted-2-cell embryo that did not developed beyond the 2-cell or 8-cell stage compared with those who reach the blastocyst stage, namely response to oxidative stress and oxidative phosphorylation (Held et al., 2012) , a careful interpretation of these transcriptomic data is required in regard of the underlying causes of the developmental arrest.
Conclusion
In spite of the wide array of models that have been used to perform mRNA profiling in attempts to decipher the factors that determine oocyte competence, no clear set of key genes has yet emerged, although the number of cellular functions that appear to be involved has been narrowed down. The first explanation for this slow progress is a factor frequently underestimated in many microarray studies, namely the weak correlation between mRNA and protein expression in oocytes compared with other somatic cells. This poor correlation has been observed in many cell types (reviewed by Nie et al., 2007) ) but is particularly apparent in oocytes probably because of the storage component of the mRNA pool. Besides, even if criteria highly correlated with competence were identified, intrinsic variance among individual oocytes would still exist, between genotypes but also within a single genotype, as shown in mice (Reich et al., 2012) and human transcriptome studies (Shaw et al., 2013) . This certainly contributes to the blurred picture still obtained during the characterization of the competent oocyte.
There is also a great need for global integration of the data. Few analyses combining two or more data sets have been attempted (Hamatani et al., 2008; O'Shea et al., 2012) , but comprehensive meta-analyses involving multiples data sets are still lacking. Extra care should also be taken when performing such analysis especially in regard of the wide variety of models used to study oocyte competence, where only comparable elements should be included with respect to oocyte stage for example. The constant refinement of in silico analysis tools will eventually help to improve our comprehension of the biological complexity (Andreu-Vieyra et al., 2006; Mulas et al., 2012) , in spite of the challenges that studying the oocyte will continue to represent. Our laboratory is currently investigating oocyte transcriptomes using combinations of models based on follicle size, coasting duration and chromatin configuration in an attempt to identify the exact mechanism involved in the acquisition of competence. The eventual integration of other regulatory mechanisms or data sets, such as transcription factors (Kageyama et al., 2007) , regulatory elements present in the 3 ′ UTR of maternal transcripts such as CPE (Tremblay et al., 2005; Pique et al., 2008) , ARE (Thelie et al., 2007) , DAZL (Chen et al., 2011) , long non-coding RNA (Mercer and Mattick, 2013) , microRNAs (Xu et al., 2011; Zuccotti et al., 2011; Mondou et al., 2012; Abd El Naby et al., 2013; Assou et al., 2013) , polysomal RNA (Potireddy et al., 2006; Chen et al., 2011; Scantland et al., 2011) and poly-A tail length management (Sakurai et al., 2005) will all contribute to answering our fundamental question: what is the mRNA composition of the competent oocyte?
